I. INTRODUCTION
Ice is by far the best understood form of condensed water. In contrast to the liquid state, we have the enormous advantage of being able to study a system where at least the oxygen atoms are in known positions. However, in spite of this advantage, the structure is still disordered and its molecules are highly coupled. Consequently, the vibrational spectra of ice is difficult to interpret. In this study we present accurate measurements of the Raman spectra of ice. These data provide a basis for further correlation between the spectrum and structure of ice.
Eisenberg and Kauzmann
l have summarized most of the older vibrational spectroscopiC work on ice. Franks 2 and Whalley et al. 3 have discussed the more recent work, and Rice 4 has commented on the similarities of amorphous ice and liquid water. Wong and Whalleys have measured the Raman spectra of polycrystalline ice Ih at -173°C using a laser source, but they did not make measurements at higher temperatures. Earlier measurements by Maisch 6 and Ockman 7 on single crystal hexagonal ice were made at both high and low temperatures. However, their prelaser polarization measurements are not accurate.
In the following we describe Raman measurements on single crystal H 2 0, D 2 0 and HOD ices over the 20-4000 cml spectral region. We use bond polarizability theory to interpret the observed intensities in the OH and OD stretching regions. The temperature dependence of the spectra is discussed and some comparisons are made between liquid and solid state measurements.
II. EXPERIMENTAL TECHNIQUES
Spectra were measured with a Spex 1401 monochromator. (Reference to a company or product name does alTo whom correspondence should be addressed. not imply approval or recommendation of that product by the U. S. Department of Agriculture to the excluSion of others that may be suitable.) Pulses from a cooled RCA 31034A photomultiplier were amplified and shaped with an SSR-amplifier/discriminator and counted with an SSR photon counter. Intensities for the two orientations of a computer controlled analyzer were measured at each wavenumber. The design and operation of the spectrometer-computer system has been described. 8, 9 The spectrometer slit width was 300 j.Lffi (6.9 at 200 cm-1 ; 5.25 at 2500 cm-l ; and 5 at 3000 cm-l ) and the slit height was 5 mm. The image magnification of the light collection optics was 4. Errors from finite light collection angles were eliminated by a procedure that will be described. A calcite scrambler plate lO was used to eliminate polarization dependence of the monochromator. The 488 nm line of a Coherent Radiation CR-3 argon ion laser was used for excitation. AU intenSity measurements were corrected for nonlinear photomultiplier and instrument response. 8 The dead time of the counter was small enough to ignore pulse coincidence loss at the count rates that were used. partially withdrawn and cold air, C, from a laminar flow cooler 12 is directed across the capillary (X direction). The temperature is lowered a few degrees below the freezing point and the capillary lens is touched with a chip of dry ice to initiate freezing. The crystallization process is observed through a periscope telescope behind the entrance slit of the monochromator.
The crystal is viewed in light from a Tungsten filament lamp, K, which has been polarized by a HN-22 polaroid wheel Gl and focused by lens F on the capillary. After traversing the crystal, the light is collected by lens E and the phase retardation of the crystal analyzed by polaroid wheel G2, which is on the same shaft as Gl but whose plane of polarization is 90 0 to G2. For these observations analyzer H is not in the optical path. This geometry allows us to determine the direction 13 of the crystal c axis (unique axis) without removing the sample from the spectrometer.
As the solution freezes, air dissolved in the liquid forms bubbles in the ice. These bubbles may be removed by raising needle B and melting the surrounding ice by injecting warm solution which sweeps them away. By withdrawing the needle slowly and forcing warm liquid through it continuously, bubble formation can be avoided completely. The temperature of the cold air can be adjusted to melt back the polycrystalline mass to one seed crystal which may be regrown to fill the entire cooled volume of the capillary. A rapid decrease of temperature along the entire side of the capillary favors the formation of crystals which have their axis of fast growth along the length of the capillary (c axis normal to the capillary axis). Reorientation of a crystal whose c axis was not quite horizontal is accomplished in the following way. In a warm air flow, the melting zone of the crystal is rarely exactly parallel to the capillary walls. A slanted interface forms between solid and liqUid, Fig. 2 . As the crystal melts it tends to rotate about a horizontal axis as it floats upward. The rotation may be stopped by abruptly lowering the temperature of the air flow a few degrees below the freezing pOint. The reoriented crystal is regrown to fill the cooled capillary volume. The second hilf of Fig. 2 illustrates the steps involved to reorient a crystal whose c axis is tilted from horizontal. It is possible to orient single crystals to better than ~ degree with this technique. Uniformity of the color retardation and extinction properties provided a check on the quality of the crystal.
Because the melting point of D 2 0 is higher than H 2 0 it was advantageous to grow crystals in a time sequence in the order of increasing H concentration. First, a single crystal of D 2 0 ice was grown. After measurements were made, the next crystal was prepared by melting back the sample with warm H enriched solution to a small seed at the tip of the capillary. A new crystal was 
grown from this seed by slow withdrawal of the needle. Th~ lower freezing pOint of the isotopic solution helped keep' the integrity of the seed crystal. A series of different isotopic crystals could be grown in this way from the same seed crystal. The spectrometer observation was confined to a region of the capillary beginning 0.5 mm below the capillary lens and extending below this for 1. 25 mm. No Raman scattering was measured from the top 0.5 mm which contained the seed crystal and its interface with the Ilew solution.
The intensities for horizontal and vertical analyzer (H) positions were measured at 1 cm-1 intervals. Three pairs of intensity measurements were made for each crystal and they are summarized as Sets I-ill in Table  I . As a check on these measurements crystals were grown with a vertical c axis. The aa and ca intensities of these crystals comprise Set IV. The intensities between sets were internally scaled for each crystal and corrected for errors due to finite light collection angles. Secondly, all isotopic crystals were put on the same intensity scale. How these corrections were made will now be discussed.
A. Convergence error corrections
The error spectrum associated with each of the experiments because of off axis (Y) light collection in the horizontal (XY) and vertical (ZY) planes is indicated in the last column of Table I . Consider the observed intensities for the experiments in Set I to be 11 (XX) and I 1 (XZ). Because of the finite light collection angle about Y we may write:
where Ice, I ca ', and lea are the intenSities associated with induced moments M", My, and Mil along the X, Y, and Z axes, respectively. A", B", and C" are proportionality factors related to the instrument's ability to see the induced moments with a horizontal analyzer placed at the aperture of the light collection lens in the Y direction. Subscript v refers to Similar quantities with a vertical analyzer.
The cylindrical capillary leads to a slightly larger light collection angle in the horizontal plane than in the vertical plane. 7 Therefore, we expect A" RI C,,» B" ~ B" » C II ~ Av. Ignoring the smallest terms we may write for the first three intensity sets in Table I: 11 (XX) =A"Iee + B" Ie.
The Raman spectrum of H 2 0 (and D 2 0) ice has a strong band in the region of 3150 cm-1 (2330 cm-1 ) in the cc and aa spectra. This band is very weak in the ca and aa' spectra. Equations (1) and (2) indicate that the observed ca spectra for I 1 (XZ) and 1 2 (YX) will not be the same in this region because of leakage of BII Iaa into I z ( YX). The upper part of Fig. 3 
The lower part of Fig. 3 shows the sensitivity of the ratio given by Eq. (4) (XZ) . Subsequently, Is(XX) and Is(XZ) were scaled such that Is(XZ) =I 2 (YZ). These corrections were usually less than 3% of the total intensity.
B. Intensity scaling between isotopic crystals
Using the previously described technique, single crystals of DzO, 50 mol % D 2 0 and H 2 0 were successfully grown in the same capillary without changing capillary position, light collection geometry, spectrometer slit widths, or laser beam power. Icc was measured for each of the three crystals over the 2000-3800 cm-l range. From these measurements an intensity calibration curve was constructed by plotting an intensity dependent function, to be defined below, against H 2 0 concentration. The intensities of measurements made at intermediate concentrations were scaled to fall on this curve. The intensity function used in the calibration is the intensity sum defined as b.mdl/v" in our case
2000
where v L = the laser excitation frequency and viis the vibrational frequency. This sum is expected to be approximately constant. 14 We find that the ISI ee for D 2 0 is 9. 1% less than the ISI cc for H 2 0. This difference between D 2 0 and H 2 0 is similar to that found for liquid measurements. 12 About 2% of the 9. 1% decrease may be attributed to omission of the librational band at 1620 cmt for D 2 0 but its partial inclusion (2220 cm-I ) for H 2 0. The dependence of ISI ee on concentration is nearly linear for the three ice crystals on which absolute measurements were made. We therefore used such a curve to scale Icc for each of the isotopic crystals. The corrections amounted to less than 4% of the total measured intensity for different crystals, with different capillary lens adjustments and equivalent laser power.
In the next section we will use integrated scattering coefficients defined as follows:
bed bad where ace is the cc component of the polarizability tensor and Q j is the normal coordinate associated with the v i frequency.
III. SPECTRA AND INTERPRETATION
A. Single crystal spectra of Hz 0, Dz 0, and HOD The spectra of H 2 0 ice at -4°C from 4000 to 15 cm- shows the point by point ratios of intensity measurements at each cm-1 , The method of obtaining the data assures a high accuracy for these ratios. In fact this accuracy is limited only by the counting statistics and purity of sample, A display of these ratios may reveal important features too subtle to be easily noticed in the spectra. Figures 7 -9 contain the spectra of D 2 0 ice at _4°C. Spectra of H 2 0 and D 2 0 solvent ices were obtained at six concentrations. The most dilute concentration was 3 mol % HOD, The solvent bands were removed by subtraction of stoichiometric equivalents of pure H 2 0 or D 2 0 spectra. The spectra of 3 mol % HOD from 2000 to 3800 cm-1 are shown in Fig. 10 . The "residual"bands in the solvent region arise from coupled OH and OD oscillators of HOD and from the perturbation spectrum of that part of the pure solvent perturbed by intermolecular coupling with HOD. To illustrate, we expect the OD stretch of 3 mol % HOD in a D 2 0 lattice to couple with the symmetric and antisymmetric OD stretches of the three neighboring D 2 0 molecules: The OD stretching spectrum of the OD oscillators (6 from 3 D 2 0 and 1 from HOD) would resemble Fig. 7 except that there would be an intensity shift toward the center of the band near 2400 cm-1 • Subtraction of pure D 2 0 leads to too little intensity at 2330 and 2500 cm-1 • Solvent subtraction in the solute region is not greatly affected by these differences. The intensity ratios for these HOD spectra are shown in Fig.  11 .
The shoulders at 3500 cm-1 (OH) and 2640 cm-1 (OD) have not been observed before. These shoulders maintain the same intensity relative to the main peak for concentrations of HOD up to 25%. Therefore, we conclude that they must be part of the uncoupled oscillator spectrum. A possible explanation of these features involves combinations of VOH and voo with lattice modes. Such combination bandS of fundamentals and lattice modes have been observed by Decius et al. 15 in the infrared spectra of CNO-isolated in alkali halides. A secondary weaker shoulder is observed at 3590 cm-1 in the OH stretching region.
To obtain better definition, low temperature data on the OD stretch were obtained at -106 and -150°C and these are shown in Fig. 12 . The X10 figure was obtained at -150°C and was run at a net signal increase of a factor of 10 over the 106°C spectrum. Two bands are observed above voo and they may be attributed to voo+210 and v oo + 160. The 210 cm-1 lattice mode is strong in the Raman spectrum (Figs. 6 and 9) . A band at 160 cm-1 has been observed in the infrared spectrum and assigned to a lattice mode. 16 In order to obtain information about the librational region of HOD, we obtained spectra of a 50/50 mixture of D 2 0 and H 2 0. Figure 13 shows the spectra of this mixture before (above) and after (below) subtraction of stoichiometric amounts of pure H 2 0 and D 2 0. These data will be discussed in a later section. Spectra of the 50/ 50 mixture were also obtained for the region below 400 cm-1 but not shown because of their similarity to the corresponding H 2 0 and D 2 0 spectra.
The integrated scattering factors for uncoupled HOD per unit concentration of HOD as a function of HOD concentration are obtained from solvent subtracted spectra and are shown in Fig. 14. The increase in Sec at high HOD concentration is due to unsubtracted H 2 0 and D 2 0 contributions to the OH and OD regions, respectively. The values extrapolated to infinite dilution are indicated on this figure. The ratios of integrated scattering factors of HOD as a function of HOD concentration are shown in Fig. 15 . The sensitivity to solvent subtraction gives rise to appreciable uncertainty in the solSaa' ratios at low concentrations. At 3% HOD concentration, the solvent background contributes about % total intensity in the ca spectrum and about ~ the intensity in the aa' spectra. These intensity data are summarized in Table II. The band positions are listed in Tables III (OH and OD stretching regions), IV (librational and bending regions), and V (translational region). Low temperature data to be discussed in the following sections is also tabulated.
B. Bond polarizability theory
We use Long's formulation 17 for relating Raman intensities and bond polarizabilities. Counter clockwise rotation of the OH I bond about the X axis by an angle 0/2 is described by a transformation 
I ca/aa
general water molecule may be expressed in terms of symmetry coordinates: (15) where ,cSj and ,cal give the contribution of symmetric stretch and antisymmetric stretch coordinates to normal coordinate, Qi' and ~O subtracted spectra (2100-350 cm-I ). mined for a study of liquid water18 were used in these intensity calculations. The polarizability parameters were adjusted to minimize the sum of squares of the reSiduals of the observed and calculated scattering factor ratios
The resulting parameters were used to calculate the intensities of nonintermolecularly coupled H 2 0 and D 2 0.
Six models were considered in our calculation of relative bond polarizability parameters. The first three models, 1, 2, and 3, assume that the bond polarizability 21 has observed that the 0-0 distance along the c axis is O. 01 A shorter than the 0-0 distance equatorial to the c axis. This shortening may cause hydrogen bonds along the c axis to be more linear than those equatorial to the c axis. We will find that the calculated values of the Raman intensities of ice are very sensitive to molecular orientation.
The second group of three mOdels 1*, 2*, and 3* have the same geometrical assumptions as 1, 2, and 3 but differ in the bond polarizability approximations. These mOdels resulted from an attempt to improve the fit of calculated and observed S ratios of HOD by including a~3 and allowing a~* af. However, we found that although aG/ af and a~/ af converged to values quite different from the cylindrical bond approximations, there was insignificant improvement in the agreement of calculated and observed ratios. In another attempt we allowed the polarizability tensor (not the bonds) to tilt in the HOH plane (a~3 * 0) with the constraint that the principal axis dimensions do not change. This tilt, which is allowed by molecular symmetry, is accomplished with a similarity transform which leaves the trace of the tensor invariant but introduces an off diagonal element, ~~3' Since, as we shall see, the SBP model is effective in accounting for the observed data, we introduce into our minimization procedure the numerical constraint that 1 + ~G/~; + ~Va; be equal to the values from the cylindrical bond calculations for models 1, 2, and 3. ~~3/~; is allowed to vary and its value is related to the angle of tilt of the polarizability tensor away from the bond direction. We found that this constraint allowed the calculations for tilted bond polarizability models (TBP) 1*, 2*, and 3* to converge rapidly. The TBP models are, in effect, two parameter mOdels whereas 1, 2, and 3 are one parameter models. 
where k = 1/ .c~j 6!:, K= 1 + 2 (.c a / .c Sj )2 and S is the ratio of bond anisotropy to mean bond po1arizability .
The intensities for the symmetric and antisymmetric stretches of H 2 0 (D 2 0) are:
ks Sca=g2, kaSoa = 2g2
ks Sao = 81 + 3 g2 , kaSaa = 6g2
where 
C. OH and 00 stretching intensities of HOD
The relative calculated scattering factors for HOD and their observed and calculated ratios are given in Table  VI . An important pOint is that there is good agreement between observed and calculated S ratios even for the simplest model, i. e., that based on the cylindrical bond approximation. We note that the ca/aa' ratio seems particularly sensitive to the geometric mOdel or tensor orientation. Model 3 gives a low value for this ratio. However, when the tensor is allowed to tilt all models give reasonable values. Unfortunately the high solvent backgrounds at low HOD concentrations make accurate determination of this ratio difficult. The amount of tensor tilt indicated by a (I~3/ (If term of -.487 is about 5 ° inward toward the second hydrogen [ Fig. 16(a) ). Model 2*, in which the H is moved off the c axis by 2. 5 0, has a smaller tilt of only 3.6 o. Model 3* leads to a tilt of
Note that although models 1* and 2* result in different values for the parameters, the tensor orientation and intensities are the same. The differences between models are small and the HOD data alone does not allow us to differentiate between them.
The ratio (I~/ «: is the ratio of longitudinal to transverse bond polarizability and is prinCipally determined by the experimental values for cal cc and aa' / aa. This parameter has a well determined value of 5. 58± O. 05 for all mOdels.
Using a cylindrical bond approximation and depolarization ratios derived from peak heights, 5 the ratio of bond anisotropy to mean bond polarizability, {3,j «b, for liquid water was found to be 1. 78. In mOdel 2 the molecules are assumed to have the same geometry as in liquid water. For this ice structure the value of the ratio determined from integrated intensities is 1. 81. If peak heights are used instead of integrated intensities, the ratio is equal to the liquid state value. From this we conclude that even though hydrogen bonding is stronger in ice than in water at O°C [as evidenced by drop in 111 from 3240 (H 2 0 liq.) to 3150 cm-1 (ice)] the bond polarizabilies are nearly the same.
O. H 2 0 and 0 2 0
Assignments
Before proceeding to a discussion of the intensities it will be useful to review the assignment of the features in the OH and OD stretching spectra of H 2 0 and D 2 0 ices. There is general agreement1 that the strong band in the Raman spectrum at 3150 cml (_4°C) corresponds to a coupled symmetric stretch VI 'and that the strong band in the infrared spectrum at 3220 cml (-163°C) 7 corresponds to the antisymmetric stretch va' Recently, Wong and Whalley5 have measured the Raman spectra of polycrystalline HzO (and DzO) ice III at -178°C. Their spectra show a strong polarized peak at 3083 (2295) cml that corresponds to the 3150 (2230 cml ) band at _4°C (Table III) . The observed polarization of this band supports its assignment to (coupled) VI vibrations. They also observe a peak at 3209 (2427) cml which they assign to the lowest frequencies of coupled va vibrations. They assign the bands observed at 3320 (2482) and 3420 cml to high frequency components of the coupled va oscillators. On the other hand, Ockman 7 and Valkov and Maslenkova z2 assigned these bands to combinations of VI and va with v r .
Our observation of combination bands of V OR with vr in HOD lends support to the assignment of similar combinations in the H 2 0 and DzO spectra. Additional support comes from the observed dependence of the frequency of these bands in 0 2 0 ice on temperature. Since the vr bands increase in frequency with decreasing temperature we would expect the combination bands of vr with VI to have a smaller frequency shift than the fundamentals themselves. This turns out to be the case. We found that at -50°C the positions of these bands are 2945, 2450 (vs), and 2322 cml (VI)' At -150°C these bands shift to 2483, 2426 (vs) band shifts by only 12 cml • We conclude that at least part of the intensity in this region should be assigned to combination bands with vr that are borrowing intenSity from the Vs vibrations.
We were able to lower the temperature of OzO and H 2 0 ice crystals in a capillary to -150°C with less than an 8% light leak of the VI band in the ca spectrum from crystal fracture. The spectra, shown in Fig. 17 , differ from those obtained by Wong and Whalley. 5 We observe half widths of 48 and 24 cml for VI of H 2 0 and D 2 0 at -150°C. Using comparable spectral slit Widths, they observe VI of polycrystalline H 2 0 and 0 2 0 at -178°C to have half widths of 36 and 32 cml • The difference between their H 2 0 half width and ours appears reasonable in view of the temperature difference. However, we cannot account for their much larger half width for 0 2 0 at an apparently much lower temperature.
The weak band at 3000 (2205) cml in the spectrum of H 0 (0 2 0) at -150°C can be explained as a difference b:nd involving a transition near 100 (90) cml • This band is more clearly defined in the D 2 0 spectra. An intensity decrease of this band in the 0 2 0 spectra on cooling from -4 to -150°C was observed and this supports its assignment to a difference band. Wong and Whalley2s have observed a weak Raman band at 106 cml in H 2 0 and 101 cml in 0 2 0. These bands are also evident in the -4 °c spectra in Figs. 6 and 9. The origin of these low frequency features is not understood.
Intensities
Calculated intenSities, scattering factor ratios, and total (symmetric stretch+antisymmetric stretch) scat- em -1 tering factor ratios for H 2 0 and 0 2 0 are given in Table   vn . These were calculated from the bond polarizability parameters derived from HOD (Table VI) .
The calculated S",jSaa ratios for V3 for models 1, 2, 1 *, and 2* are~. However, the observed ratio for the H 2 0 crystal at _4°C in the vicinity of 3270 cm-1 is significantly less than~. We find Similar observations for an H 2 0 crystal at -106°C ( Table VII we see that Vl is expected to contribute ~ ~ to this ratio and that V3 is expected to contribute ::s ~. The TBP models give the best agreement with the observed ratio by predicting that the > ~ contribution of v l exceeds the < ~ contribution from v 3 • ThUS, while comparison of the observed and calculated ca/aa' ratios of HOD gave no clear indication about the tilt of the bond polarizability tensor away from the bond direction, the predicted ratios for H 2 0 and D 2 0 favor a model having a small degree of tensor tilt.
Although the intensity ratios aa'/aa and ca/cc for D 2 0 (Fig. 7) in the region above V3 (2453 cm-1 ) are near the theoretical values of j and t, the corresponding region for H 2 0 (Fig. 4) and as a result there is not much visable effect on the observed aa'i aa and cal cc ratios.
Intermolecular coupling and intensity
The calculated scattering factors in Table vn are for uncoupled H 2 0 and D 2 0 molecules. Although intermolecular coupling will spread the distribution of intensity. the total integrated intensity should be nearly invariant.
Haas and Hornig24 have observed OD stretching bands in the infrared spectrum of HOD in D 2 0 which they attribute to coupling between neighboring HOD molecules. We have observed bands in the Raman spectra that corresponds to these infrared bands. They appear as shoulders, 24 cm-1 above and 23 cm-1 below the uncoupled VOD for 22% HOD (76.6% H 2 0). From their data, Haas and Hornig calculated a stretching coupling constant, frr' of -. 123 mdl A.
To explore the relationship between intermolecular coupling and the intensities of the symmetric and antisymmetric OH stretching modes, we calculated the intensities (but not frequencies) for the 32 possible phase combinations of 111 (and 11 3 ) for each of the 81 possible structural configurations of a model in which four water molecules surround one given molecule. The in phase combination of symmetric stretches was found to have the greatest intensity, the lowest anisotropy (Saa' = 2S ea < 1% of Sec), and nearly equal isotropic components (Sec ;;:;S",,) . The aSSignment of the 3150 cm-1 (2330 cm-
Raman band in the cc spectrum of H 2 0 (D 2 0) to predominantly in-phase components of v 1 is supported by the observation that it is the strongest band in this spectrum, that the Se~See ratio is much smaller than the 0.03 pre- dicted by the SBP model, and that Sec ;;sSw These observations indicate the presence of strong intermolecular coupling. The sign of the intermolecular coupling constant2 4 leads us to expect the more out-of-phase combination of symmetric stretches to be at higher frequencies than the totally in-phase combination. Our intensity calculation predicts that the Se~See ratios for the out-ofphase combinations should be larger than this ratio for the in-phase combinations. Therefore we expect a maximum in the anisotropy of Vl at frequencies above 3150 cm-1 • The SBP model indicates that this anisotropy should amount to t of the total intenSity of the ca spectrum. It is clear from Fig. 4 that the major contribution of v 1 modes to the ca spectrum must occur between 3150 and 3500 cm-1 • The SBP model predicts that the remaining t intenSity of the ca spectrum must come from antisymmetric stretc hes.
Our calculation shows that intermolecular coupling of the 113 vibrations leads to in-phase vibrations (as defined in Appendix A) having Sea/Saa' ratios less than't and outof-phase vibrations having ratios greater than t. If there is frequency dispersion of V3 from intermolecular coupling, the observed Se~Saa' ratio of 0.47 in the region of the 3270 cm-1 band cannot be conclusive evidence for bent hydrogen bond model 3.
Isotropic spectra
Differences in the calculated intensities for the different mOdels and the effects of intermolcular coupling are revealed in certain difference spectra:
In Table vrn The observed difference spectra are shown in Fig. 19 . Note that the ordinate scale for the lower portion of this figure is magnified by a factor of ten. We see that B very nearly equals C and that A is almost zero across the spectrum. However, there are small departures from the values predicted by SBP model 1. For models 2, 1* and 2* A is zero for V3 and slightly negative for VI' Because most of the anisotropic scattering from VI occurs above the strong VI peak, we expect the A difference spectrum to be generally negative in this region. Although the observed A spectrum has an over all negative trend, the region in the vicinity of v 3 (3270 cml for H 2 0 and 2453 cml for D 2 0) is positive. Similarly, the C-B spectrum is predicted to be positive for VI but we find a negative trend in the region of v 3 • Only models 3 and 3* correctly predict the observed signs of A and C-B for both VI and v 3 • This result supports models in which hydrogen bonding along the c axis tends to be more linear.
Lowering the temperature has a pronounced effect on the shape of the isotropic ice spectrum. Fig. 20 shows the B, C, A, and C-B spectra for H 2 0 ice at -106°C (from data of Fig. 18 ). The isotropic spectra Band C are considerably narrower than those at -4°C and have half widths comparable with the Band C spectra of D 2 0 at _4°C (Fig. 19) . Measurements of the half widths of single crystal ice at various temperatures are listed in Table IX . At -4°C the half widths of VI of H 2 0 and D 2 0 are about twice the half widths of the V OH and V OD bands of HOD. This factor of 2 is reduced to about 1. 6 at -150°C for H 2 0/HOD and 1. 25 for D 2 0/HOD. Similarly, the half width of V OH at -4°C is almost twice as FIG. 19 . Difference spectra for the isotropic and anisotropic parts of the Raman scattering for H 2 0 and D 2 0 at -4"C. large as that for 1I 0D • At -150 DC it is only 1. 5 times larger than that found for 1I 0D • Sivakumar, Schuh, Sceats, and Rice 25 propose that weak coupling of delocalized III vibrations of H 2 0 (D 2 0) with a lattice mode whose frequency is near 82 cm-I is responsible for the dependence of observed half widths on temperature below -123°C. They argue that the presence of the difference band on the low frequency side of III (11 1 -100 cm-I in our measurements) and the agreement between observed and calculated half widths supports their coupling model. However, we find that their model leads to a half width for H 2 0(D 2 0) at -4 °c of 88 (60 cm-I ). The observed half width is 150 (72 cm-I ). This lack of agreement suggests that other factors may be important at higher temperatures.
There is evidence from neutron diffraction data 20 that there is considerable librational motion of D 2 0 molecules in the lattice at -50°C. It is probable that the disorder introduced by libration and translation contributes to the broadening of the OH stretching bands at high temperature.
E. Bending (112) and Librational (ilL) regions
Although a Raman spectrum of polycrystalline ice in the librational region has been reported, 5 we show in has shown that an uncoupled water molecule in a crystal has nearly degenerate librational frequencies. This degeneracy is removed if there is intermolecular coupling. Shawyer and Dean 26 calculate that these modes extend from 425 to 730 (320 to 520 cm-I ). However, Bosi, Tubino, and Zerbi 29 calculate that they extend from 558 to 927 (397 to 674 cm-I ). In the latter calculation, density of states maxima occur near 900, 830, and 560 cm-I (660, 580, and 400 cm-I ). The observed spectra seem to show distinct bands near 900, 750, 600 and 520 (650, 570, 460, and 347 cm-
The spectrum of a 50/50 mixture of H 2 0 and D 2 0 (Fig.  13 ) has bands at 490 and 800 cm-I • Since they do not appear in the spectrum of either H 2 0 or D 2 0, they are probably associated with librations of the HOD molecule. Thomas, Falk, and KnOp30 classified the librational modes of H 2 0 in hydrates of K 2 CuCl 4 into rocking (inplane motion), and wagging and twisting (out-of-plane motion) modes. In the spectra of HOD hydrates they find two bands derived from the wagging and twisting modes. They assign the higher frequency band to H motion and the lower one to D motion. Therefore it seems likely that the observed band at 490 cm-I in the HOD spectrum of ice is associated with out-of-plane D motion.
The observed band at 1935 cm-I may be assigned either to ternary combinations involving v L modes of HOD or to
There is an unusual sharp derivativelike feature in the spectrum of HzO (DzO) at 1000 (720 cm-!). It appears with equal intensity in the aa and cc spectra but does not appear in the ca and aa' spectra. Bertie, Labbe, and Whalley31 report a similar feature, having essentially the same shape and frequency, in the infrared spectrum of polycrystalline ice. The attribute this feature to a band edge formed by the lowest binary combination of v L ' 2x 520 cm-! (2 X 375). However another explanation is suggested by the shape and temperature dependence of the spectrum in this region. It has been shown 3z ,33 that if an overtone falls on the side of a broad band, Fermi resonance interaction may cause a redistribution of intensity resulting in a derivativelike contour near the overtone frequency. On cooling the sample from -4 to -150°C, we observe that the v L bands shift upward by 30 cm-! but the derivativelike feature shifts by 60 (54 cm-I ) which is exactly what is expected if the mechanism involves an overtone of v L • In addition, the frequency difference between the maximum and minimum intensity points decrease from 75 (37 cm-!) to 30 (15 cm-I ). However, it is not clear why this feature should sharpen at lower temperatures. The unsubtracted HOD spectrum (Fig. 13) does not show any such features. The HzO and DzO concentrations in this sample are both 25%, and we would expect to see the derivative features in the unsubtracted HOD spectrum at 1000 and 750 cm-!. The fact that they do not appear suggests that intermolecular coupling is responsible for their appearance in the HzO and DzO spectra.
F. Translational region
The spectra of HzO and D 2 0 single crystal (Figs. 6 and 9) differ significantly in their intensities fr.om similar spectra measured by Chosson and Faure. 34 , 35 In particular, our spectra in the 50 cm-! region show a greater dependence on polarization. For the 214 (206 cm-I ) line we find a cal cc ratio of 1: 4 (-4°C) whereas they observe a ratio of 1 : 2 (at -33°C). In addition, we observe quite different intensities for ca and aa', while they observe only minor differences. We believe our values to be more accurate since our method of growing and orienting single crystals leads to a better defined scattering geometry and thus to more internally consistent intensities.
Using a simple force field that leads to a calculated value of the compressibility of ice in agreement the measured value, Bertie and Whalleyl6 have calculated the frequencies of the Raman active A, and Ell zonecenter modes of a crystal of symmetry D(JJa. On the basis of those results, they assign the Raman line at 230 cm-! to those modes. Faure 36 has confirmed this assignment. This force field predicts that the Raman active Ez, mode should occur 10 cm-! below the 230 cm-I band. Chosson and Faure 34 calculate that the Ez, mode should appear strongly in the aa' spectrum. We note that there is considerable intensity in the aa' spectrum at 212 cm-I and that this band is shifted by 2 cm-! from the maximum in the cc spectrum. Their calculation predicts that the A, and E, modes should not appear in the aa' spectrum. We therefore conclude that at least part of the intensity of the strong Raman band is due to all three Raman active modes at the zone center. The origin of the Raman scattering near 280 cm-I (310 at -150°C) is in dispute. 37 ,29 This band becomes more prominent at low temperature, and it seems that it should be associated with a D(JJa allowed one phonon transition. Wong and Whalley23 have made preliminary calculations that suggest that the 310 and 230 cm-I bands can be explained by a model which includes hydrogen-bond coupling constants for 0" ·H-O-H·· ·0, O-H·· ·0·· ·H-O, and O-H'" O-H···O configurations.
IV. COMPARISONS WITH LIQUID WATER AND AMORPHOUS ICE

A. Uqu id water
The isotropiC ice spectra, Band C in Fig. 19 , are similar to the isotropic spectra of supercooled liquid water (Ref. 18) at _10°C, though there are marked differences in the band half widths for the two states. In the case of the liquid, the uncoupled oscillator bands of HOD are as broad as the isotropic bands of liquid H 2 0 and D 2 0. This is not the case for ice. The half widths of the isotropic bands of liquid H 2 0 and D 2 0 at 0 °c are about 250 and 130 cm-I, respectively. The isotropic uncoupled oscillator bands of liquid HOD have half widths (at 10°C) of 246 cm-I (OH) and 161 cm-! (OD). The half widths of the isotropic spectra of ice at -4 °c (Fig. 19 ) are 154 cm-1 (H 2 0) and 72 cm-! (DzO) and the HOD bands have half widths _of 62 cm-I (OH) and 34 cm-I (OD). In the liquid, the increased distortion of O-H' .. 0 angles probably produces a broad distribution of OH frequencies.
Using a simple model of tetrahedral HOH angles, it may be shown that the ratio of the sum of the integrated anisotropic and isotropic spectra of v! and V3 is i3!ti = 4(~/ O!b)2/45 = O. 29. The observed ratio is 0.30. Scherer et al.!8 assumed that scattering in the stretching region of liquid water was due to symmetrically and asymmetrical hydrogen bonded species. In order to accommodate the presence of the 3650 cm-! band which has been attributed to "broken" hydrogen bonds, they introduced a Vb attributed to the stretch of the strongly bonded hydrogen in the asymmetrically hydrogen bonded species.
The Vb band removes some intensity from the v: band of symmetrically hydrogen bonded water. As a result, the ratio ~/(; for the sum of symmetric and antisymmetric stretches of symmetrically bonded water is 0.39. This high value suggests that the amount of intensity attributed to Vb may be too great.
As in the case of ice, a bond polarizability model analogous to SBP model 1 predicts that i of the intensity of the anisotropic spectrum of liquid water comes from the symmetric OH stretch. However, there does not appear to be this much intenSity in the if spectrum at the position of the strong band (VI) in the ii spectrum. Therefore, the contribution to the intensity in the spectrum from symmetric stretching modes must be occurring at frequenCies above v!, This displacement of anisotropic intensity argues for strong intermolecular cou-pling in the liquid. Consequently, band decomposition procedures that assume identical band centers for the isotropic and anisotropic components are approximate.
The observation of a high frequency shoulder at 3500 cm-I (VOH + v T ) in the uncoupled oscillator spectrum of HOD ice raises the question of whether coupling of V OH with V O ".H 38 might be responsible for a similar shoulder found by Walrafen 39 in the spectrum of liquid HOD. V OH + V O ' •• H would be expected to appear at 3605 cm-I at 10°C and at 3644 cm-I at 90°C. However, the observed position of the high frequency band does not vary more than 5 cm-I over this temperature range. Therefore, we do not believe that this explanation can be applied to the observations for the liquid.
We have measured the integrated scattering factors of identical scattering volumes of ice and liquid water at -5 °c. We find that the ratio of the isotropic scattering of ice and liquid water, (See -4 Sea)lce! (Sz <xr)y/3)1I~ is 0.893. Correcting for the change in density raises this ratio to 0.97. The theoretical value based on a bond polarizability model is 81/(2 X 45) = O. 9. Therefore, there is only a 7% increase in scattering intensity on changing from liquid to solid at constant density.
B. Amorphous ice
Recently, Li, and Devlin 40 and Venkatesh, Rice, and Bates 41 have obtained Raman spectra of amorphous ice near -150°C. With the exception of a frequency shift of about 50 cm-I , these spectra are similar in shape to the single crystal spectra of ice at -4 °c.
Venkatesh et al. decompose their spectra into four Gaussian components centered near 3120, 3230, 3362, and 3456 cm-I (at -143°C). They associate the first two bands with VI and V3 of "strongly hydrogen bonded" molecules and the second two bands to VI of a "bent hydrogen-bonded" species and VI of a "weakly hydrogenbonded" species. It seems unlikely that the 3362 and 3456 cm-I bands in the glassy ice spectrum correspond to VI of any specific bent hydrogen-bonded species for the following reasons. The VI bands of symmetrically and asymmetrically hydrogen-bonded species should have depolarization ratios less than 0.1. 18 However, Li and Devlin's spectra show that the high frequency bands of amorphous ice have depolarization ratios of 0.4 to 0.5 and the analogous bands in the spectra of single crystal ice are completely anisotropic. The above interpretation of the amorphous ice spectrum by Venkatesh et al. has now been withdrawn. 42 The spectrum of amorphous ice at -143°C is surprisingly similar to hexagonal ice at -4 ·oC. We postulate that the similarity in the shapes (bandwidth) of the spectra is a result of similarity in the hydrogen bond distortion. In amorphous ice at -150°C this distortion may take the form of hydrogen bonds that are "frozen" in bent configurations. In single crystal ice near the melting point, the distortion may be produced by thermal (librational and translational) motion.
V. SUMMARY
The results of our study are as follows:
(1) Raman spectra of oriented single crystals of ice (H 2 0, D 2 0, and their mixtures) have been accurately measured at -4 °C and lower temperatures.
(2) The intensities of the OH and OD stretching vibrations have been interpreted in terms of bond polarizability theory. The ratio of anisotropy to mean polarizability for OH bond was found to be 1. 81, a value similar to that found from measurements in the liquid state.
(3) A shoulder observed at 3500 (2640 cm-I ) in the OH stretching (OD) region of HOD which is attributed to a combination of the OH (OD) stretch with a lattice mode at 200 cm-
I •
At a lower temperature (-150°C) a second combination band observed at 2570 cm-2 is attributed to a similar type of combination: v oD +160 cm-I • In keeping with these aSSignments, we assign the bands in H 2 0 (D 2 0) ice at 3050 and 3450 (2230 and 2500 cm-I ) to combination bands with lattice modes. The assignment of the band at 3050 (2230 cm-I ) to a difference band is supported by the temperature dependence of its intensity.
(4) The cal aa' intensity ratio for V3 and the integrated intensities of H 2 0 and D 2 0 may be interpreted to suggest that the hydrogen bonding along the c axis is slightly more linear than the hydrogen bonding equatorial to the c axis.
(5) The ca/aa' spectra of H 2 0 (and D 2 0) extend from 3200 to 3500 (2400 to 2600 cm-I ).
According to band polarizability theory, approximately i of this intensity is associated with intermolecularly coupled VI modes.
The remaining i intensity is associated with Vs vibrations and combination bands of VI and Vs with lattice modes.
(6) The breadth of the bands from 400 to 1000 (400 to 700 cm-I ) in the spectra of H 2 0 (and D 2 0) indicates extensive coupling of librational modes. The derivative like feature at 100 (720 cm~l) is dependent on intermolecular coupling.
(7) Accurately measured polarized spectra in the 25 to 400 cm-I regions of H 2 0 and D 2 0 are presented.
ACKNOWLEDGM ENT
We should like to thank Ms. G. Secor for preparation of the isotopiC solutions and Dr. F. Jones for helpful discussions on single crystal microscopy. We are grate grateful to Professor S. Rice for stimulating discussion and for communicating the results of his work prior to publication.
APPENDIX A
There are 24 different positions of a water molecule in a space fixed ice Ih lattice. Although the meaning of in-phase coupling of the symmetric stretch VI of a central water molecule with its four nearest neighbors is clear, the meaning of in-phase coupling between antisymmetric stretching vibrations V3 is ambiguous because V3 is not a totally symmetric mode. However, for our purposes we have defined phase for coupled 113 modes using a unit vector r j parallel to the direction of dipole change for 11 3 , The coupling of two molecules i and j is defined in terms of the dot product rj . rr The product r j · rj may have values of~, 0, or -~. We define the in-phase combination of coordinates as the case where r j · rj = ~ and the out-of-phase combination when rj . rj = -~. The component polarizability change for one mole cule i coupled to the central molecule j is weighted by r j · rr These polarizability changes are summed over the 5 water molecules and squared. These sums are accumulated separately for each of the 32 possible phase combinations of antisymmetric stretches of a single configuration. The calculation is repeated for each of the 81 configurations and the final result is the intensity, averaged over all possible configurations, as a function of the phase of the coupled coordinates.
